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ii 
The o b j e c t i v e  of t h i s  work was t o  t es t  m a t e r i a l s  prepared by the  
P i t t sbu rgh  Coal Research Center for  NASA a s  anodic c a t a l y s t s  f o r  ammonia 
i n  a l k a l i n e  e l e c t r o l y t e s  and carbon monoxide i n  a c i d i c  and aqueons ca rbona t s  
f u e l  c e l i  e i e c t r o i y i e s .  
A t o t a l  of f i f t y - f o u r  samples c o n s i s t i n g  of c a r b i d e s ,  n i t r i d e s ,  b o r i d e s ,  
n i t r o c a r b i d e s ,  c a r b o n i t r i d e s  and Raney a l l o y s  of i r o n ,  c o b a l t ,  and n i c k e l  
were t e s t e d .  Corrosion p o t e n t i a l s  were run t o  determine usab le  e l e c t r o l y t e  
and c a t a l y s t  combinations.  Surface a reas  measured by double l aye r  capac i tance  
ranged from 2 7 . 1  Cm /grn t o  117,000 Cin /gm. In genera l  t he  a r e a s  were 
2 2 
found t o  be: ca rb ides  > n i t r o c a r b i d e s  > metals  bor ides  and f o r  the 
m e t a l l i c  ‘moiety:  s i l v e r  n i cke l  ”_ c o b a l t  )y i r o n .  - 
0 Voltammograms a t  25 C under approxixa te ly  s t eady- s t a t e  cond i t ions  
were run  i n  e l e c t r o l y t e s  compatible wi th  the  materials.  
t h e  b e s t  m a t e r i a l s  were less than 2% of the  a c t i v i t y  ob ta inab le  wi th  
Resul t s  showed 
p la t inum f o r  the  same f u e l .  When ammonia w a s  t h e  f u e l ,  a c t i v i t y  followed 
t h e  t rend:  
s i l v e r  ’> i r o n .  Carbon monoxide a c t i v i t y  was gene ra l ly  n i t r o c a r b i d e s  >> 
ca rb ides  - nitr0ca.rbide.s >> metals  and n i c k e l  >> c o b a l t  ‘v- - - 
metals ca rb ides  bor ides  with s i l v e r  > n i c k e l  c o b a l t  > i r c n .  With 
on ly  one except ion  t h e  s i x t e e n  b e s t  m a t e r i a l s  of the  twenty-nine t e s t e d  
i n  a c e t a t e  b u f f s r  contained n i cke l .  
Th i s  work was c a r r i e d  o u t  f o r  the Nat ional  Aeronaut ics  and Space 
A d n i n i s t r a t i o n  wi th  M r .  E .  M. Cohn as Technical  Monitor. P r i n c i p a l  
i n v e s t i g a t o r s  were T .  Webb and J. R .  Maser. 
i i i  
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I. INTRODUCTION 
The h igh  c o s t  and s c a r c i t y  of t h e  noble  metals prompted a 
sea rch  f o r  cheaper ,  more abundant f u e l  c e l l  c a t a l y s t s .  
resGlts wi th  Hagg c a r b i d e  (Fe C )  i nd ica t ed  t h a t  i r o n  group i n t e r -  
s t i t i a l  ca rb ides  might be t h e  answer. 
f i f t y - f o u r  ca rb ides ,  n i t r i d e s ,  n i t r o c a r b i d e s ,  c a r b o n i t r i d e s ,  bor ides  
I n i t i a l  
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Consequently,  a t o t a l  o f  
and Raney a l l o y s  synthes ized  by Bureau of Mines were t e s t e d  i n  t h i s  
l abora to ry .  Nineteen i r o n  conpounds inc luding  f o u r  ca rb ides ,  s i x  
n i t r i d e s ,  f i v e  c a r b o n i t r i d c s  and fou r  n i t r o c a r b i d e s  were t e s t e d  f o r  
0 
c o r r o s i o n  a t  25 C i n  30% K3E, s a t u r a t e d  K C O  a c e t a t e  b u f f e r ,  2g 
H2s04 and 85% H ~ P O ~ .  
2 3 ,  
T h i r t y - f i v e  c o b a l t  and n i c k e l  m a t e r i a l s  con- 
s i s t i n g  o f  n ine  m e t a l l i c  a l l o y s ,  e leven  ca rb ides ,  ten n i t r o c a r b i d e s ,  
arid f i v e  bor ides  were t e s t e d  f o r  co r ros ion  a t  25 C i n  30% KOH, a c e t a t e  
b u f f e r  and 2 1 ~  - I ~ ~ S O ~ .  
mified by double l a y e r  capac i tance  measurenents (1). 
0 
The su r face  a r e a  of each mater ia l  was d e t e r -  
Compatible c a t a l y s t - e l e c t r o l y t e  coabina t ions  were f u r t h e r  t e s t e d  
f o r  anodic  a c t i v i t y  toward t h e  oxida t ion  of e i t h e r  a m o n i a  o r  carbon 
monoxide. Equipment, t e s t i n g  procedures,  t rea tment  of  c a t a l y s t s  and 
f l o a t i n g  e l e c t r o d e  p repa ra t ion  have a l l  been p rev ious ly  descr ibed  
(2 -4 ) .  
t h i s  c o n t r a c t .  No a d d i t i o n a l  ma te r i a l s  were rece ived  during t h e  
f o u r t h  q u a r t e r .  




Surface a r e a  measursnents and t h e  i d e n t i t y  of each m a t e r i a l  
t e s t e d  a r e  given i n  Table I. V o l t a m e t r i c  da t a  f o r  t he  oxida t ion  
of ammonia a r e  shown i n  Tabies I1 and 111. Resul t s  f o r  carbon 





111. - 1 Surface Areas 
Double l a y e r  capac i t ance  measurements on t h e  54 m a t e r i a l s  t e s t e d  
2 2 gave va lues  f o r  s u r f a c e  areas from 27.1 Cm / gm t o  117,000 Cm /gm. 
plat inum black measured was 21U,OOO Cm /gm. 
Our 
2 
A s  a group, t h e  i r o n  compounds e x h i b i t e d  the  lowest  area. The 
remaining materials which contained s i l v e r  g e n e r a l l y  showed the  
l a r g e s t  areas. Surface  areas accord ing . to  type of  non-ferrous material 
were u s u a l l y  i n  t h e  o rde r  carb ides> n i t r o c a r b i d e s >  metals> bor ides .  
111.-2 Ammonia Oxidat ion 
Voltammograms f o r  t he  oxida t ion  of  ammonia were run i n  30% KOH 
for all materials s t ab le  i n  t h a t  e l e c t r o l y t e .  Add i t iona l ly  t h e  i r o n  
compounds which'were s t a b l e  i n  s a t u r a t e d  K C O  
e l e c t r o l y t e .  
were t e s t e d  i n  t h a t  2 3  
In 30% KOE t h e  h a l f - c e l l  p o t e n t i a l  f o r  t h e  r e a c t i o n  was between 
0.54 and 0.58 V vs DHF f o r  most c a t a l y s t s .  This  corresponds t o  t h e  
c a l c u l a t e d  va lue .  Five of those t e s t e d ,  hovrever, had lower h a l f - c e l l  
p o t e n t i a l s ;  one w a s  h igher .  A l l  s i x  of t h e s e  anomalies were due t o  
c o r r o s i o n  of t h e  e l e c t r o d e  upon a d d i t i o n  of  ammonia. This  was 
evidenced by t h e  d i sco lo red  e l e c t r o l y t e  accompanying h igh  exchange 
c u r r e n t s .  The ta fe l  s l o p e  f o r  the ox ida t ion  w i t h  plat inum i s  0.04 
v o l t  whi le  t h a t  f o r  most of the  o t h e r  materials i s  around 0.12 v o l t .  
L- 
This  may be expla ined  by the  mechanism of Oven and Salomon (5) ~ h o  
c a l c u l a t e d  T a f e l  s lopes  f o r  the fou r  s t e p s  i n  the r e a c t i o n :  
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111. ,DISCUSSION (Cont'd) 
- 
NH + M -I- OH- 4 M-NH + E20 i e .3  2 (i) 
(ii) M-NH2 t o  H- -, M=NIZ + K ~ O  + e- 
(iii) M=NH +- OH- 4 M=N t H ~ O  + e- 
( iv> 2 M=N - 2M i N2 
Calcula ted  
T a f e l  Slope 
0.118 v o l t  
0.039 v o l t  
0.024 v o l t  
0.010 v o l t  o r  0, 
Reaction ( i i j  i s  t h e  rate determining s t e p  f o r  p l a t i n u n  but  
r e a c t i o n  (i), t h e  i n i t i a l  d i s s o c i a t i v e  adsorp t ion ,  seems t o  be t h e  
rate de te-mining  s t e p  f o r  t h e  o the r  materials. 
When s a t u r a t e d  potassium carbonate  w a s  t h e  e l e c t r o l y t e  much 
lower c u r r e n t s ,  h igh  Tafel slopes and v a r i a b l e  h a l f - c e l l  p o t e n t i a l s  
were obta ined .  These r e s u l t s  were n o t  r e a d i l y  i n t e r p r e t e d .  This  
e l e c t r o l y t e  was abandoned a f t e r  t he  f i r s t  group of m a t e r i a l s  was 
t e s t e d .  
In gene ra l  f o r  t h e  oxida t ion  of anmonia a l l  of t h e  materials 
t e s t e d  were g r e a t l y  i n f e r i o r  t o  p l a t inun .  However, those  i n t e r s t i t i a l  
compounds con ta in lng  carban ana/or  n i t r o g e n  were much b e t t e r  c a t a l y s t s  
than  t h e  pure  metals o r  a l l o y s .  The o rde r  found f o r  t h e  c a t a l y s t s  
a c t i v i t y  of metal l ic  c o n s t i t u e n t s  was Nickel>> Cobal t  = S i l v e r  >> 
I ron .  
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111. DISCUSSION (Cont'd) 
IIL.-3 Carbon Monoxide - Oxidation 
Four e l e c t r o l y t e s  were used i n  t h i s  s tudy.  Cur ren t s  were v e r y  
low i n  85% H PO and s a t u r a t e d  K CO - consequent ly ,  t h e s e  systems 
were abandoned a f t e r  t h e  f i r s t  group of  materials w a s  t e s t e d .  The 
maximuii c u r r e n t  was obta ined  wi th  platinum i n  2 N  H SO All o t h e r  
materials gave c u r r e n t s  less than 2% of t h i s  va lue .  
3 4  2 3' 
- 2 4' 
The ox ida t ion  r e a c t i o n  mechanism f o r  carbon monoxide has n o t  
been w e l l  e s t a b l i s h e d .  It i s  known t h a t  f o r  plat inum a r e a c t i c n  
occurs  aroand 0.26 v o l t  ve r sus  DHE dur ing  which t h e  ele .c t rode is  
poisoned by a r e a c t i o n  product .  The major r e a c t i o n  occurs  around 
0.96 v o l t  v s  D E  where the  product i s  carbon d ioxide .  For most of 
t h e  c a t a l y s t s  t e s t e d  t h e  f i r s t  r eac t ion  is  predominant i n  S5% 
H PO and acetate b u f f e r  while  the second r e a c t i o n  i s  t h e  major one 
i n  2JJ H2S04. I n  K CO t h e  p o t e n t i a l s  are w e l l  s c a t t e r e d .  Three 
Tafel s lopes  were observed i n  the a c i d i c  e l e c t r o l y t e s :  0.040, 
3 4  
2 3  
0.080 and 0.140 v o l t .  However, t h e  second w a s  absen t  i n  €1 PO 3 4  
w h i l e  t he  t h i r d  was a3sen t  i n  €$SO4. 
t o  be: 
The o v e r a l l  r e a c t i o n s  seem 
(v ) M c co + OE- - M C O ~ H  + e- - M i- co i- H ~ O  + e- 
(vi)  MC02H + 2 
(.I i i) 3 co + H ~ O  + 2e- 2 
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111. DISCUSSION (Cont'd) 
111.-3 Carbon Monoxide O i d a t i o n  (Cont 'd) 
The n i t r o c a r b i d e s  were much b e t t e r  c a t a l y s t s  than t h e  pure  
metals o r  a l l o y s  v ~ h i l e  l o e e s t  i n  a c t i v i t y  were the  ca rb ides  and 
f i n a l l y  t h e  bor ides .  
The t r end  i n  c a t a l y t i c  a c t i v i t y  was S i l v e r  >Nicke l  >Coba l t  > I r o n ,  
S i l v e r  i s  known t o  s t r o n g l y  adsorb hydroxy ions ;  unoxidized n i c k e l  
forms a carbonyl  a t  room t e m p e r a t u r e  -- n i c k e l  m u s t  c a t a l y z e  
r e a c t i o n  (v) s i n c e  i n  a c e t a t e  bu f fe r  w i th  only one except ion  t h e  
s i x t e e n  b e s t  m a t e r i a l s  of t h e  twenty-nine t e s t e d  conta ined  n i c k e l .  
Two con ta in ing  n i c k e l  and s i l v e r  were a c t u a l l y  b e t t e r  than plat inum 
i n  t h i s  e l e c t r o l y t e  a l though much l o v e r  than p l a t i n m  i n  2M H SO - 2 4' 
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IV. CONCLUSIONS -
The c a t a l y t i c  a c t i v i t y  of a l l  t h e  materials t e s t e d  was g r e a t l y  
i n f e r i o r  t o  t h e  b e s t  r e s u l t s  t h a t  couid be obta ined  wi th  platinum., 
For ammonia and carbon monoxide oxida t ion  none of t hese  proved t o  
be a good plat inum s u b s t i t u t e .  The r e s u l t s  i n d i c a t e  t h a t  c a t a l y t i c  
a c t i v i t y  was l i m i t e d  by f a i l u r e  of t hese  materials t o  adsorb the  ’ 
f u e l s .  The reason i s  i n  some cases  undoubtedly due t o  t h e  presence  
of s u r f a c e  oxide (pass iva t ion)  which a l s o  prevents  co r ros ion  of t h e  
m e t a l  by t h e  e l e c t r o l y t e .  
V . RECOI4ltENDATIONS - 
Since  a l l  of t h e s e  materials were o r i g i n a l l y  prepared f o r  
p o s s i b l e  u s e  as oxygen e l ec t rodes  i n  a l k a l i n e  e l e c t r o l y t e s  i t  
would be f o r t u i t o u s  i f  any were fou.nd t o  be s u i t a b l e  as anodes 
i n  a c i d  s o l u t i o n s .  A thorough understanding of t h e  f u e l  c e l l  
r e a c t t o n  mechaniszs vould be an extreme.ly d e s i r a b l e  asset i n  
s e l e c t i n g  p o t e n t i a l  c a t a l y s t s .  
t i c  a2prcac.h as used by Bond (61, it should be p o s s i b l e  t o  
With t h i s  knowledge and a systenm- 
ai-r ive a t  t h e  oytimun c a t a l y s t  f o r  a p a r t i c u l a r  r e a c t i o n  under a 
f i x e d  set  of cond i t ions .  
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TABLE I 
Surface Areas (cm 2 / gm)  




1 C  o / 1Ag 
5 , 300 RAL- 9 
5,300 RAL- 10 








IN i / 1c0 / i ~ g  
3,090 
6 , 200 
9,700 
Reduced Hydroxides 













E -Fe C p - F e  
3Ni /IC o 
1Ni/3Ag 








7,060 5 3c 
117,000 6 OC 
4,920 6 1 C  
54,400 
1co /1Ag 
1 N i / l C o  
lNi/lAg 
3Ni/ 1Ag 
1 N  i / 1Ag 
1 N i  /lAg/lAu 
3N i / 1 C  o 
20 , 200 




3 , 000 
403 










C -Pe X, Ag e -Fe2X, 2 3Ag 90.4 83.8 
N i t r i d e s  
1 N  
1 ON 
18N 
C -Fe2N,y-Fe 4 N 
6 -Fe3N 
6 -Fe N,C-Fe N 2 3 
51.0 19N 
27.1 20N 
82.6 2 1 N  
g -Fe2N, -Fe3N 33.8 
C -Fe3N 72.0 
Y -Fe 4 N ,  -Fe 3 N 74.0 








4 C -Fe2X, Fe 0 X -Fe2X,c-F$ 2 X 
8 -Fe2X 
-Fe X 
3 N i  / 3 C  o 
Cobalt  
3Co /1Ag 
97.5 2 3NC 
85.6 2 6NC 
103 28NC 
27.6 3 2NC 
6,900 38NC 
2,700 44NC 
36 , 300 45NC 
Nickel 19,800 
1Co /1Ag 45 , 500 
29,206 1 N  i /1C o 
3N i / 1Ag 78,400 
1 N  i / 1Ag / 1Au 48 , 000 
3Pv’i/lC o 4,900 








Cobal t  
lNi/lCo 
565 B18 
700 B2 0 
1,100 -- 
x = (C, N) 
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A c t i v i t y  of  Materials Toward NH Oxidation i n  30% KOH a t  25OC 3 
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ML-  6 
20N 






















T a f e l  


























3 * Dissolves i n  RR 
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A c t i v i t y  of M a t e r i a l s  Toward NH Oxidation i n  S a t u r a t e d  K2C03 a t  25OC 3 
T a f e l  
io Slope Er 
V o l t  -m a / =  Vol t  
Taf e l  
i o  Slope Er 
V o l t  -m d g m  Vol t  
205 0.20 0.79 1 9N 1.20 0.26 0.09 
2.40 0.56 0.16 4NC 0.885 0.85 0.13 
1.87 0.27 0.20 2 1N 0.813 0.17 0.09 
1.66 0.70 0.12 5CN 0.777 1.40 0.20 
1.55 0 . 3 6  0.17 12c 0.177 0.16 0.14 




A c t i v i t y  o f  M a t e r i a l s  Toward C O  Oxidation i n  85% H,PO, a t  25 0 C 
3 4  
io 
ma/- 
P t  17 .7  
2NC 1.59 
I 3NC 1.34 
10N 1.17 
2 1 N  0.849 




























1 9 N  0.177 






















P t  
1 C  N 
45NC 
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T a f e l  


























TABLE V I  
A c t i v i t y  of Materials Toward CO Oxidation i n  Acetate Buffer a t  25OC 
I 3 2NC 
RAL- 10 
P t  
I 
I 
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TABLE V I 1  
A c t i v i t y  of Materials Tomrd CO Oxidation i n  Sa tu ra t ed  K C O  a t  25O~ 2 3  
Taf e 1 T a f e l  
i o  S l o p e  E r  i o  Slope E r  
Vo l t  
P t  40.7 0.04 0.63 1NC 0.233 0.90 0.30 
2 1N 0.530 0.14 0.40 12c 0.223 0.20 0.40 
2NC 0.282 0.11 0.40 1 9N 0.212 0.33 0.18 
I__ 
V o l t  
_L_ 
m a / g n  V o l t  - ,  Vol t  Ma/m 
I N  0.257 0.29 0.23 4NC 0.191 0.45 0.52 
1CN 0.247 0.17 0.30 3NC 0.141 0.13 0.45 
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